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Interferometric Studies of Plasma-Density Fluctuations in ZT-40M,

Using Time-Delayed Correlation Techniques

Abram R. Jacobson and Peter R. Fcrman
Lo~ Alamos National Laboratory
P. O. Box 1663, MS-648

Los Alamos, New Mexico 87545 USA

Abstract: Density fluctuations in a reversed-field pinch have been studied
using multichord COj-laser interferometry. Both non-periodic and quasi-
periodic oscillations have been observed. The latter arem = 0O and m = 1 and
remiin toroidally localized uniil the final stage of the discharge, when the
m = 0 oscillation becomes toroidally coherent (with n = 1).

1. Introduction

This paper reports observations of plasma density fluctuations in the
ZT-40M! reversed-field pinch (RFP). An array? of eight interferometer chords
nt one toroidal location (¢) measures the fluctuations” poloidal symmetry
(that 1, m), o¢, in the case of transient disturbances, the poloidal
propagation characteristics. A supplementary interferometer chord, separated
toroidally from the others by RA¢ = 1.8 m, measures the toroidal propagation
characteristics.

The observed density fluctuations may be divided into two broad classes.
First, there are the more numerouc non—periodic disturbances, consisting of
impulsive perturbations which grow, saturate, and decay, and vhich do not
recur 1in any obvious manner. Second, there are lese numerous, quasi-periodic
oscillations, of either m = 0 or m =1 poloidal symmetry, occurring in
sustained buruts lasting up to =~ 100 periods. The m = 0 period T is
typically in the range 20 < 1, < 200 us, while the m = 1 oscillations are
faster (5 < 77 < 30 us).

The {impulsive, non-periodic density disturbances are expected to launch
familiar normal modes of a magnetized plasma, vhich by carrying energy away
from thea eovurce disturbance could allow it to spread and to decay.
Preliminary observations in the edge ragion of the ZT-40M discharge indicate
that {on-acoustic waves play this rolo.3 and that such observation of ion—
acoustic propagation waight be diagnostically useful by providing a
determination of the sound speed. [The fast wave could in principle also
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communicate impulsive plasma density disturbances, but the present dpparatus?
on ZT-40M is too slow to resolve time~delays associated with the Alfven speed
(Vo 2 5 x 107 cm/s0).]

The observed quasi-periodic oscillations are poorly understood. If they
were simply RFP versions of familiar relaxation (sawtooth) or rotating
magnetic island (Mirnov) oscillations observed on tokamaks, then toroidal
coherence (that is, a well-defined toroidal mode number, n) would be expected.
Cross—correlations between the eight--chord array and the supplementary chord
reveal that, with a few exceptiors, the quasi-periodic oscillaticns on ZT-40M

are toroidally isolated and do not cohere over an arc of RA¢ = 1.8 m.

2. Apparatus
Both the eight-chord? and single-chord interferometers are a heterodyne

design" with quadrature pharse detection,5 and are {lluminated by waveguide €0,
lasers (A = 10.6 ym). The instrumental resolution (quantization in analog-to-
digital conversion) 1s = 4 x 1074 fringes, while the noise in the bandwidth
15-500 kHz 1s = 2 x 10™4 fringes (rms). The sampling rate is 1 or 4 MHz, and
the analog bendwidth is DC-500 kHe. The interfarometric phase ¢j (on chord g)
is digitally filtered with a high—-pass transmission T(w) = 1-e~(w/weq) .
giving the high-pass phase ;J'

3. Non-Periodic Density Fluctuations

Digitally-filtered phase data from the wight-chord array is used to compute
an ensemble-averaged, timc-delayed covariance between vertical chords at major
radii Rj and Ry

- 1 N to"'tnv- -~
P(Ry, Ry, 8t) 2 (o — 2 lft $4(e )y (L, + At)de, . (1)

av =1 €,
Here N {s the number of consecutive, identical dircharges being used in the
average, t . is the averaging time within a discharse, and t, 1{s the time
variable within the nt" discharge. In the ccrrelation to follow, N = 14
shots, and t, = 1.6 ms. Bacause Lhe disturbances rapidly decay as they
propagate, a graph si1aply of P(Rj, Ry, At) versus At suppresses the
propagation effects. A more convenient way to examine propagation s to

compute the renormalized correlation:

CZt(RJ- Ry) = P(Ry, Ry, 8t)/P(Ry, By, ae®) . (2)

Here At* 1is the delay which maximisc the covariance for separation
AR - nj'nko
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Fig. 1. Runormalized correlationy {see Eq. (2)]) versus time dalay. The
separation (AR) in cm is noted.

1 i
R -Ro- Ocm

SN

1 |
2.8 29 30 31
t(ms)

Fig. 2. Interferometric phase versus time during au n = ! buret. Impact
peraneter (R-R_) 1in cm is noted for each sfignal.




» Figure 1 shows czt(RJ,Rk) fer Rj'Ro = 12.4 cm and for Ry, = Rj-AR. (The
filter cutoff 1is Weg » 1 x 1050-1). The increasing breadth (in At) of the
correlations for larger separation (AR) forms the basis for determining a
pr.. r‘ation epeed. Further nmalysiaa'6 determines a major-radial speed
VR =+ 2 x 106cn/n, which has been shown to be most 1likely caused by sound

waves near the field-reversal surface of the pinch.6

4. Quasi-Perfodic Density Fluctuatiovns

The observed quasi-periodic fluctuations arc exclusively m = 0 or m = 1.
The m = 1 oocillat?ons have not been observed to propagate a quarter of the
major perimeter (RA¢ = 1.8 m). Instead, m = 1 quasi-pericdic oscillations
frequently occur simultaneously at both the eight-chord array and the
supplementary chord, but with different frequencies, so that the disturbances
can not be coherent all the way around the torus. A radial magnetic field
probe7 in the liner-shell interspace near the eight-chord array indicates that
the m = 1 oscillations are primarily in-out (along R) linear perturbations,
that is, actually a coherent sum of m = 1. A typical m = 1 burst is shown in
Fig. 2. The disturbances are strongest at R-R, = -12.4 cm and *16.5 cm (and
out of phase) and are less evident at smaller impact parameter, as expected
for m = 1.

The observed m = 0 oscillations similarly fail to cohere over R = 1.8 m,
except during the last ~ 2 wme of the discharge. In this stage, th. m =0
features begin to precess toroidally {opposite to IO) at a spaad
V¢ o 0,7=1.2 x 1n7¢n/.. In the final = 1 ms of the discharge, the precession
is obrerved to become resonant; that is, VOTO = 27R, so that a resonant n = i,
m = 0 pmode is sachieved. It is not yet clear whethai the pinch termination and

the m = O oscillation”s enhanced toroidul coherence are related causally.
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